Antibody pretargeting is a promising strategy for improving molecular imaging, wherein the separation in time of antibody targeting and radiolabeling can lead to rapid attainment of high contrast, potentially increased sensitivity, and reduced patient radiation exposure. The inverse electron demand Diels-Alder 'click' reaction between trans-cyclooctene (TCO) conjugated antibodies and radiolabeled tetrazines presents an ideal platform for pretargeted imaging due to rapid reaction kinetics, bioorthogonality, and potential for optimization of both slow and fast clearing components. Herein, we evaluated a series of anti-human epidermal growth factor receptor 2 (HER2) pretargeting antibodies containing distinct molar ratios of site-specifically incorporated TCO. The effect of stoichiometry on tissue distribution was assessed for pretargeting TCO- In-labeled tetrazine in a therapeutically relevant HER2+tumor-bearing mouse model. Single photon emission computed tomography (SPECT) imaging was also employed to assess tumor imaging at various TCO-to-monoclonal antibody (mAb) ratios. Increasing TCO-tomAb molar ratios correlated with increased in vivo click reaction efficiency evident by increased tumor distribution and systemic exposure of Inlabeled tetrazine demonstrated robust click reaction with circulating antibody at~2 hours and good tumor delineation for both the 2 and 6 TCO-to-mAb ratio variants at 24 hours, consistent with a limited cell-surface pool of pretargeted antibody and benefit from further distribution and internalization. To our knowledge, this represents the first reported systematic analysis of how pretargeted imaging is affected solely by variation in click reaction stoichiometry through site-specific conjugation chemistry.
REPORT
Site-specific conjugation allows modulation of click reaction stoichiometry for pretargeted SPECT 
Introduction
The exquisite target specificity of antibodies has encouraged the development of immune-imaging agents for detection and staging of cancer. However, conventional antibody-based positron emission tomographic (PET) or single photon emission computed tomographic (SPECT) imaging requires the covalent attachment of radionuclides with long decay half-lives (e.g., 124 I, t 1/2 = 4.2 days; 89 Zr, t 1/2 = 3.3 days or 111 In, t 1/2 = 2.8 days) to match the long circulation half-lives of antibodies (prolonged by endothelial recycling mediated by the neonatal Fc receptor, FcRn) 1 and time required for their target distribution. 2 The slow distribution phase also makes it difficult to perform convenient same-day imaging, limits the number of scans due to high patient radiation doses, and has prompted the search for alternative pre-targeted approaches.
Pretargeting is a two-step process in which a targeting agent is administered and allowed sufficient time to specifically localize and bind to a target, followed by administration of a second, radiolabeled molecule that binds to or reacts with the pretargeting agent to effectively achieve radiolabeling in vivo. 3 In antibody pretargeting, the molecular uncoupling of the slowly clearing, targeting antibody from the radiolabel presents an opportunity to acquire images using faster decaying radionuclides such as 68 Ga (t 1/2 = 68 min) and 18 F (t 1/2 = 110 min). Direct comparisons to directly labeled methods suggest that pretargeting methods could reduce patient radiation exposure during imaging procedures by 1-2 orders of magnitude, 4 with benefits also possible for pretargeted radioimmunotherapy. 5 Use of pretargeted imaging can decrease radiation dosimetry relative to traditional methods in multiple ways: by delaying the time of introduction of radioactivity, by reducing the wholebody retention of injected radioactive dose (which depends on stoichiometry and binding/reaction efficiency) and by allowing the use of radionuclides having shorter decay half-lives. The ability to image with faster decaying radionuclides not only limits patient radiation exposure, but also provides more flexibility in radiotracer chemistry, with potential advantages in manufacturing and isotope costs. Clinical evaluations of pretargeted imaging with bispecific antibodies, 6, 7 streptavidin/biotin pretargeting, 8, 9 and radiolabeled haptens 10 have yielded encouraging results.
One of the most robust reactions within the click chemistry repertoire is the inverse electron demand Diels-Alder (IEDDA) reaction between a trans-cyclooctene (TCO) and an s-tetrazine ( Figure 1A) . 11 These IEDDA reactions have second-order rate constants ranging from k 2 , which are primarily driven by expulsion of N 2 and TCO strain relief following the cycloaddition 12, 13 Furthermore, electron withdrawing substituents attached to the tetrazine confer increased reaction rates between the dienophile and diene. 14, 15 Successful pretargeted in vivo nuclear imaging has been demonstrated in preclinical models using PET isotopes, including 11 C (t 1/2 20.3 minutes), 16 Lu (t 1/2 6.7 days). 27, [31] [32] [33] The recent success of IEDDA reactions for in vivo pretargeting and other chemical biology applications has been reviewed by several groups. 12, [34] [35] [36] [37] Most examples incorporate TCO on the slower clearing molecule followed by a fast clearing radiolabeled tetrazine tracer, but some groups have explored reversing the chemistry. 38, 39 Most pretargeting antibodies have targeted highly expressed, non-internalizing antigens such as A33, CA19.9, and tumorassociated glycoprotein 72 (TAG-72) glycoproteins. 4, 23, 30 While these early imaging studies were successful, highly expressed non-internalizing targets only represent a fraction of clinically relevant oncology targets since many cell-surface cancer targets are internalizing. For instance, clinical imaging of human epidermal growth factor receptor 2 (HER2)-expressing tumors has been actively pursued via directly labeled antibodies, 40, 41 antibody fragments 42 and affibodies 43 in an effort to improve patient selection and response monitoring for HER2-targeted cancer therapies. 44 Fewer examples exist in which internalizing targets have been pretargeted, 20, 39 likely due to risk of time-dependent cell surface depletion of TCO moieties available for click reaction through antibody-bound receptor internalization, thereby decreasing image contrast. For instance, use of enzyme-based approaches for pretargeted imaging as an alternative to IEDDA reactions was successful for a non-internalizing antigen (TAG-72), but not for an internalizing antigen (HER2). 45 However, there is a recent interest in pretargeted imaging of internalizing targets such as HER2 despite these challenges. 20, 39 The use of IEDDA reactions for PET/SPECT imaging has been largely explored using TCO-modified pretargeting antibodies. Apart from a few examples, 21 TCO conjugation methods have most commonly been through random lysine modifications, yielding a highly variable range of TCO-to-monoclonal antibody (mAb) ratios. Furthermore, the previous effort in site-specific conjugation did not allow for variation in TCO-to-mAb ratio. 21 The inability to carefully control TCO-to-mAb ratios has made it difficult to regulate in vivo reaction stoichiometry, thus warranting evaluation of site-specific conjugation approaches. Click chemistry reagents and pre-targeting for imaging. (A) Generic inverse electron demand Diels-Alder reaction (IEDDA) between a trans-cyclooctene (TCO) and disubstituted 1,2,4,5-tetrazine. The robustness of the reaction is afforded by a fast retro Diels-Alder step to generate N 2 . (B) THIOMAB™ antibodies are modified at engineered cysteine residues for controlled molar ratios of incorporated TCOs ranging from 2 to 6 moles of TCO per Mole of antibody. (C) The tetrazine used for this study, 111 In-DOTA-Tz. (D) Simplified schematic of antibody pretargeting using TCO/tetrazine click chemistry. TCO-modified antibody is allowed to distribute and accumulate at tumor of interest, followed by injection of radiolabeled tetrazine after maximal antibody distribution. Diels-Alder reaction occurs, tagging surface antibodies with radiolabel and providing tumor contrast in SPECT imaging in a time-dependent manner.
Herein, we present results from the pretargeted biodistribution and imaging of HER2-positive breast cancer xenografts in mice using TCO/tetrazine chemistry. We conjugated TCO moieties, via short polyethylene glycol (PEG) linkers, sitespecifically to anti-HER2 THIOMAB™ antibodies 46 with varying numbers of engineered cysteines 47 to determine the importance of stoichiometry on the in vivo IEDDA reaction in a HER2-positive KPL-4 tumor model. We employed 111 In (t 1/2 2.8 days) to allow direct comparison between our conventional radioimmunoconjugate and our click reactive tetrazine probe in an attempt to demonstrate proof of concept for same-day imaging with shorter lived radionuclides such as 68 Ga (t 1/2 = 68 min). To our knowledge, this is the first reported use of site-specific conjugation chemistry to systematically evaluate the effect of varying the TCO-to-mAb ratio for pretargeted imaging while maintaining consistent linker chemistry.
Results

THIOMAB™ antibody TCO conjugations
Conjugation ratios determined by liquid chromatography-mass spectrometry (LC-MS) analysis were 1.9 (LC:K149C), 3.7 (LC: K149C, HC:L177C) and 5.5 (LC:K149C, HC:L177C, HC:Y376C) for 7C2-TCO 2 , 7C2-TCO 4 and 7C2-TCO 6 , respectively. The LC-MS chromatograms are presented in Supplemental Figure S2 . TCO-PEG 3 -maleimide was conjugated through the engineered thiols, with~95% efficiency ( Figure 1B) . DOTA-maleimide conjugation to 7C2-LC:K149C produced a molar ratio of 1.9. Table 1 summarizes the various antibody conjugates evaluated herein with mutation sites and molar ratios.
Radiochemistry
Radioiodination of 7C2, 7C2-TCO 2 , 7C2-TCO 4 , and 7C2-TCO 6 with 37 MBq input yielded~65% radiochemical yields for all antibodies. Radiometal labeling of DOTA-modified antibody provided 111 In-DOTA 2 -7C2 (~41 kBq/µg, 23% yield) and was sufficient for invasive tissue distribution. The low radiochemical yield (likely due to only two copies of DOTA per antibody) was not sufficient to appropriately dose animals for SPECT imaging (which requires high activity), prompting us to use 111 In-DOTA 6 -7C2 (~7.8 MBq/µg, 77% yield) for imaging. Radio metal labeling of DOTA-Tz ( Figure 1C) In-DOTA-labeled 7C2 antibodies. Representative radiochromatograms are presented in Supplemental Figure S3 .
In vitro click reactivity correlated with increased TCO conjugation
To demonstrate proof-of-concept for antibody pretargeting with our TCO-modified 7C2 antibodies, and to determine if increasing TCO conjugation levels improve the signal-tonoise ratio, we performed in vitro click reactions using cultured HER2-expressing KPL-4 cells. The In-DOTA-Tz signal significantly increased compared to the 7C2 control, proportional to the amount of TCO groups available for Diels-Alder reaction. The 7C2 control had 0.03 %TI, and the addition of 2 TCO molecules led to a significant 13-fold increase to 0.39 %TI for 7C2-TCO 2 . Each subsequent molar addition of two TCO molecules lead to a significant 1.5-fold increase in %TI, with 0.57 %TI for 7C2-TCO 4 and up to 0.91 %TI for 7C2-TCO 6 pretargeting antibody treatment ( Figure 2B ).
In vivo click reactions occurred rapidly and increased systemic exposure of radiolabeled tetrazine derivatives
We performed in vivo click reaction in KPL-4 tumor-bearing mice. Mice received single intravenous (IV) injections of iodinated and TCO-modified antibodies (total antibody dose of 5 mg/kg), followed 24 hours later by tracer levels (~7-to 25-fold lower than TCO on a molar basis for 111 In-DOTA-Tz, see Table 2) of   111 In-DOTA-Tz (~0.7 kDa) ( Figure 1C and Supplemental Figure S1A ). The dose of 5 mg/kg was chosen as a balance to ensure sufficient numbers of TCO groups for click reaction, but without saturating HER2 dependent tumor uptake. Monitoring the levels of radioiodinated antibodies showed that TCO conjugation did not affect the short-term systemic exposure, represented by the area under the curve from 0 to 2 days (AUC 0-2 , in units of %ID/mL•day), at 2-fold molar (AUC 0-2 54.3 ± 2.6, p > 0.05) and 6-fold molar (AUC 0-2 49.6 ± 2.9, p > 0.05) TCO-to-mAb ratios relative to unmodified 7C2 (AUC 0-2 48.8 ± 3.3) ( Figure 3A ). Overall, antibody pharmacokinetics was consistent across all treatment groups (Supplemental Figure S4 ). Mice receiving 7C2 (incapable of click reaction due to the absence of TCO) followed by 111 In-labeled tetrazines showed much lower tetrazine systemic exposure (relative to antibody exposure), measured as AUC from 1 to 2 days (AUC 1-2 , in units of %ID/mL•day), with a value of 2.03 ± 0.15 for In-DOTA-Tz (21.9 %ID/mL multiplied by a~2-mL mouse total blood volume) reacted with 7C2-TCO 6 systemically within the first 15 min of tetrazine administration ( Figure 3B ).
The tetrazine probe exhibited robust in vivo click reaction in tumors
The distribution of iodinated 125 I-7C2, 125 I-7C2-TCO 2 , and 125 I-7C2-TCO 6 antibodies revealed the overall modest In-DOTA-Tz, assuming a 2-mL mouse blood volume Figure 4A ). A slight trend towards reduced antibody distribution was observed for 7C2-TCO 6 compared to 7C2 in tumor (9.9 vs 10.7 %ID/g, p > 0.05), liver (2.6 vs 3.8 %ID/g, p > 0.05) and spleen (3.9 vs 7.8 % ID/g, p < 0.05) despite equivalent systemic exposure ( Figure 4A ). The distribution of radiolabeled tetrazine following pretargeting with 7C2 and 7C2-TCO x conjugated antibodies was also compared (Figure 4B ), and the impact of stoichiometry was much more striking. In-DOTA-Tz exhibited significantly increased tumor localization, which corresponded with increased TCO conjugation ratio: 0.03 %ID/g with 7C2, 11.3 %ID/g (p < 0.05) with 7C2-TCO 2 and 21.1 %ID/g (p < 0.05) with 7C2-TCO 6 pretargeting ( Figure 4B ). In the same respective groups, distribution in kidney was 0.012, 2.7 and 4.4 %ID/g and in liver was 0.39, 1.4 and 2.5 %ID/g. Biodistribution data for additional tissues are available in Supplemental Table S1 .
Tumor pretargeting produced lower tumor-to-blood ratios than direct tumor targeting In-labeled anti-HER2 antibodies, 48 111 In-DOTA 2 -7C2 exhibited tumor labeling at 40.5 %ID/g and kidney distribution at 7 %ID/g ( Figure 4C ). However, the traditional labeling method allowed for a total of 48 hours for the internalizing 111 In-DOTA 2 -7C2 reagent to distribute, bind and accumulate, making direct comparisons difficult since 111 In-labeled tetrazines had only 24 hours to accumulate. Tumor-to-blood ratios for the tetrazine probe were significantly decreased with 7C2-TCO x pretargeting (~1 for both TCO 2 and TCO 6 ) relative to 111 In-DOTA 2 -7C2 with a ratio of~3 ( Figure 4D ). Non-invasive SPECT-CT imaging showed distinct tumor labeling using 111 In-DOTA-Tz
In addition to tissue harvest biodistribution, we also performed non-invasive SPECT-CT imaging on KPL-4 tumor-bearing mice receiving 7C2, 7C2-TCO 2 , or 7C2-TCO 6 at 5 mg/kg followed 24 hours later by 111
In-DOTA-Tz ( Figure 5A and B). Mice pretargeted with non-click reactive 7C2 antibody showed predominantly kidney/bladder uptake at 2 hours with no radioactive signal in circulation or in tumors ( Figure 5A ), and by 24 hours the small molecule had mostly cleared from the mouse ( Figure 5B ). Tumors were weakly visualized at 2 hours post 111
In-DOTA-Tz injection for both 7C2-TCO 2 and 7C2-TCO 6 pretargeted groups due in part to high background signal from the blood pool, consistent with systemic click reaction with the proportion of remaining circulating antibody ( Figure 5A ). However, a portion of excess, non-click reacted tetrazine probe for both 7C2-TCO 2 and 7C2-TCO 6 groups was evident by enhanced kidney and bladder activity. Using heart as a surrogate for blood pool, the tumor-to-heart ratios derived by image analysis for 7C2-TCO 2 and 7C2-TCO 6 at 2 hours post 111
In-DOTA-Tz were 0.47 and 0.43, respectively, consistent with poor delineation of tumor over background signal.
In contrast, at 24 hours post 111
In-DOTA-Tz, SPECT was able to delineate the tumor with much higher tumor-to-heart ratios of 1.40 and 1.40 for 7C2-TCO 2 and 7C2-TCO 6 , respectively, with the higher tumor signal of 7C2-TCO 6 being accompanied by higher blood signal ( Figure 5B ). This suggests that click reaction produced favorable tumor-to-blood ratios after allowing the 7C2-TCO x click reacted antibodies to further clear systemically and/ or accumulate in tumor. Importantly, the amounts of whole body radioactivity of 0.7 MBq for 7C2-TCO 2 and 2.1 MBq for 7C2-TCO 6 demonstrate the 3-fold improvement in signal due to the corresponding 3-fold difference in click reaction stoichiometry ( Figure 5B
In-DOTA 6 -7C2 at 5 mg/kg, as a point of comparison to imaging using traditional (directly) labeled antibodies ( Figure 5C ). At 28 hours, a substantial amount of tumor uptake had already occurred for 111 In-DOTA 6 -7C2 but was accompanied by significant systemic blood pool activity. At 48 hours, the tumor was well delineated above background, but with almost twice the amount of whole body radioactivity than the 7C2-TCO 6 pretargeted group despite receiving a 40% lower injected radioactive dose. Tumor-to heart ratios were consistently higher for traditionally labeled antibody than for pretargeting, with tumor-to-heart ratios of 2.8 and 4.5 for 111
In-DOTA 6 -7C2 at 28 and 48 hours, respectively. In contrast to pretargeted mice, no enhanced bladder or kidney uptake was observed for mice receiving In-DOTA-Tz in the absence of click reactive antibody-TCO was comparable to that observed in the non-imaging study (Supplemental Figure S6) .
The amount of 111
In-DOTA-Tz present in the blood was relevant to the amount of TCO, with the highest amount present when 111 In-DOTA-Tz reacts with 7C2-TCO 6 ( Figure 6A ). The maximum tumor uptake obtained for 7C2-TCO 6 followed by 111 In-DOTA-Tz was~6 %ID/g ( Figure 6B ), which was roughly 3-fold lower than that obtained in the non-imaging, tissue harvest study ( Figure 4B ). This difference represents a shift in the identity of the limiting reagent for the click reaction, with TCO moiety being the limiting reagent in the SPECT animals, while the 111 In-DOTA-Tz was the limiting reagent in the tissue harvest animals ( Table 2 ). The reason for this discrepancy is the requirement of much higher (roughly an order of magnitude) amounts of radioactivity (and corresponding increased molar amounts of tetrazine) for SPECT imaging relative to gamma counting, while the dose of TCOmodified antibody was held constant at 5 mg/kg. Tumor uptake for 7C2-TCO 2 followed by 111 In-DOTA-Tz was~2 %ID/g, roughly 3-fold lower than the TCO 6 variant and perfectly correlating with stoichiometry ( Figure 6B ). For 7C2, 7C2-TCO 2 and 7C2-TCO 6 , tetrazine uptake was 1.8, 1.5 and 2.4 %ID/g in kidneys and 0.31, 0.71 and 1.3 %ID/g in liver. The tumor uptake for directly labeled 111 In-DOTA 6 -7C2 was almost 40 %ID/g ( Figure 6C ), comparable to that obtained in the non-imaging arm of the study ( Figure 4C ). The tumor-to-blood ratio was higher for 111 In-DOTA 6 -7C2 than for 7C2-TCO x followed by 111 In-DOTA-Tz ( Figure 6D ), where the values obtained by gamma counting (~1) were slightly lower than by image analysis using heart as a surrogate for blood (1.4) . Biodistribution data for additional tissues are available in Supplemental Table S1 .
Discussion
Based on measured whole body radioactivity levels at 48 hours post antibody presented under each image in the lower panel of Figure 5 , the relative radiation exposure is in the following order: 7C2-TCO 2 (0.7 MBq) < 7C2-TCO 6 (2.1 MBq) < conventional 111 In-7C2 (3.9 MBq). However, the conventional (directly labeled) approach produced the highest tumor-to-blood ratio (4.5 relative to 1.4 for both pretargeted groups at a comparable time post antibody (Figure 6) ). We believe that 7C2-TCO 6 is the preferred pretargeted reagent (despite its similar tumor:blood ratio relative to 7C2-TCO 2 ) due to a greater proportion of the injected radioactivity contributing to image acquisition. However, with same-day imaging being a foremost goal that was not achieved, the conventional approach arguably remains the best among the three options. The tumor signal for 7C2-TCO x at 2 hours, reflecting the presence of mostly cell-surface HER2 click reaction, is clearly less robust than at 24 hours, when internalization and residualization of radioimmunoconjugates (and catabolites thereof) have occurred. Nevertheless, our pretargeted imaging results are more comparable to conventional imaging than previous efforts with HER2, in which tumor contrast was poor or overshadowed by gut clearance. 20, 45 Even if an intermediate imaging time point (e.g., 6 hours) had provided marginal improvements in tumor delineation for 7C2-TCO x , perhaps in part due to bladder voiding, the persistence of click reaction (radioimmunoconjugate) products in systemic circulation would have likely overshadowed the relatively low same-day tumor signal.
Most literature examples of click-chemistry-based antibody pretargeting have involved non-internalizing targets, many of which were cell-surface glycans such as TAG-72 [29] [30] [31] [32] and the transmembrane glycoprotein A33. 4, 22 Use of a non-internalizing target is conceptually easier because it avoids the complication of receptor turnover, a process that could potentially deplete the available pool of antibody-TCO at the cell surface where click reaction is desirable. Pretargeted imaging with TCO-modified antibodies that internalize is difficult to accomplish with radiolabeled tetrazines like 111 In-DOTA-Tz due to their inability to cross cell membranes (owing to the polar/charged nature of the metal-chelate moiety). However, applying the pretargeting approach only to non-internalizing targets greatly limits its utility for imaging applications. The present effort aims to test a pretargeted approach in a clinically relevant model that features an internalizing target. 49 Not only has HER2 been exploited as a signaling target via the therapeutic antibody trastuzumab, 50 it has been further utilized as a drug delivery vector in the antibody-drug conjugate trastuzumab emtansine 51 and in clinical imaging of HER2-positive breast cancer. [40] [41] [42] [43] It should be noted, however, that HER2 is a somewhat unusual internalizing oncology target in that it exhibits extremely high expression levels and that trastuzumab binding does not downregulate surface HER2, but instead passively recycles after HER2 endocytosis. 50 The contrast in pharmacokinetics between the slower clearing, targeting molecule and the rapidly clearing, radioactive molecule plays a key role in achieving a higher signal-to-noise ratio for successful pretargeted imaging. It is therefore critical to establish a well-defined conjugation strategy for antibody modification to ensure that targeting and pharmacokinetics are maintained. The benefits of site-specific radiolabeling techniques for directly labeled imaging agents are well documented. 52 A dendrimer scaffold bearing 8 TCO groups was recently reported; however, it is unclear whether improvements in tumor signal relative to the 2-TCO control were due to differences in stoichiometry, PEG length, presence/absence of dendrimer, or a combination thereof. 53 To allow a more controlled analysis of how stoichiometry affects pretargeted imaging, we used THIOMAB™ antibody conjugation 46 to install TCO moieties via maleimide chemistry site-specifically at 2, 4, or 6 engineered cysteine residues. The importance of site-specific TCO conjugation was evident in our data, as seen by differences in both tumor and blood signal between 7C2-TCO 2 and 7C2-TCO 6 , a comparison that was enabled by recent developments in site-specific conjugation technology. 47 In addition to controlling stoichiometry, this technology also provides pharmacokinetic benefits by avoiding the presence of high antibody conjugation ratio species that, in the case of antibody-drug conjugates, has previously led to increased clearance 54 and may be associated with undesirable biodistribution. Relatively similar antibody binding in vitro suggested that the observed increase in tetrazine signal originated from surface-bound tetrazine (Figure 2) . The steady increase in 111 In signal with increasing molar TCO ratios indicated an increase in reaction efficiency, supporting the evaluation of 7C2-TCO 6 for in vivo imaging to improve signal-to-noise ratios.
Pretargeting techniques that use a suitably modified (e.g., TCO-conjugated) antibody followed by a radiolabeled small molecule (e.g., radiolabeled tetrazine) could serve as an ideal platform for same-day imaging with less radiation exposure to the patient. We achieved successful imaging using the internalizing target HER2, but with the caveat that much of the click reaction occurred systemically. Although we observed weak tumor visualization as soon as 2 hours after injection of 111 In-DOTA-Tz, far superior tumor-to-background contrast was obtained with next-day imaging after the systemically click-reacted antibody had additional time to accumulate at the tumor ( Figure 5 ). We chose a 24-hour time gap between our 7C2-TCO x and 111
In-labeled tetrazine administrations because typical antibody blood concentration does not rapidly decline beyond~24 hours, which is the approximate end of the pharmacokinetic distribution phase. Nevertheless, a significant amount of systemic (blood) click reaction did occur, suggesting that future efforts to reduce the systemic concentration of mAb-TCO might lead to a more optimal image quality with same-day imaging. This may be achieved through further studies with the use of FcRn mutations or clearing agents. 31, 32 While our 7C2-TCO x doses were fixed at 5 mg/kg for all studies, the 111 In-DOTA-Tz doses were up to 100-fold higher in SPECT-CT animals compared to non-imaging animals ( Table 2 ). This intended discrepancy in study design reflects the fact that higher amounts of radioactivity are needed to acquire SPECT images than for proof-of-concept gamma counting studies. Higher tumor %ID/g values were obtained in non-imaging animals ( Figure 4B ) because TCO moieties were in excess, and therefore able to react with a greater proportion of administered 111 In-DOTA-Tz. In contrast, the 111
In-DOTA-Tz in imaging animals was in such vast excess of the available pool of TCO that it over-saturated the system, which resulted in artefactually lower %ID/g values ( Figure 6B ). In fact, much of the excess injected dose was cleared by renal filtration and subsequently excreted through the urinary bladder as seen in the SPECT-CT images ( Figure 5 ). Evidence for this can also be observed by comparing blood concentrations at 24.25 hours for the 7C2-TCO 6 pretargeted group, with nonimaging animals ( Figure 3B ) having higher blood concentrations of click reacted 111 In-DOTA-Tz (21.2%ID/ml) than imaging animals ( Figure 6A ) (8.5%ID/ml). The lower blood concentration in the latter study demonstrates the limited capacity of circulating TCO for click reaction in imaging mice relative to the higher injected doses of 111 In-DOTA-Tz in imaging. The strong correlations between TCO-to-tetrazine ratios (Table 2 ) and signal in tumor and blood underscore the importance of click reaction stoichiometry.
In summary, we have presented the pretargeted imaging of HER2-expressing tumors by exploiting the click reaction between an 111
In-DOTA-Tz and site-specifically TCO-modified anti-HER2 7C2 THIOMAB™ antibodies. In general, both invasive biodistribution and non-invasive SPECT-CT imaging of xenograft-bearing mice showed successful Diel-Alder reaction and subsequent binding and/or internalization of the resulting radioimmunoconjugates. When followed by 111 In-DOTA-Tz, both anti-HER2 7C2 THIOMAB™ antibody variants (having 2 or 6 TCO moieties) provided acceptable SPECT images, with the higher TCO load providing better tumor uptake but also higher blood pool. Our results indicate that click chemistry-based imaging is feasible even with internalizing targets, but that tumor delineation was improved in images obtained one day after the tetrazine probe due to the added benefit of probe internalization and residualization. Most importantly, our work exploits a sitespecific conjugation strategy to allow production of precise dienophile-to-mAb ratios such that the importance of IEDDA reaction stoichiometry may be directly assessed.
Materials and methods
Chromatography
Reversed-phase radiochromatography was performed on small molecules injected at 37-74 kBq using an Agilent 1200 HPLC system coupled with a γ-RAM Model 4 radioactive detector (Lab Logic) running Laura version 4 software. A C18 (Phenomenex) column was used at a flow rate of 1 mL/min and a 20-minute gradient of 5% A, 95% B to 95% A, 5% B were utilized, where A = 0.1% trifluoroacetic acid and B = acetonitrile.
Size-exclusion radiochromatography was performed on large molecules injected at 37-74 kBq using an Agilent 1100 HPLC system coupled with a Raytest Gabi Star radioactive flow monitor running ChemStation software. The column was a BioSep SEC S-3000, 300 × 7.8 mm, 5 µm (Phenomenex), with an isocratic phosphate-buffered saline (PBS) mobile phase at 0.5 mL/min for 32 min. The data were collected using ChemStation (3D Systems).
Antibodies
Anti-HER2 THIOMAB™ antibodies (clone 7C2) were engineered with cysteine residues at one or more positions 47 , "TCO-PEG 3 -maleimide") to give final conjugates with approximately 2, 4, or 6 TCO groups per antibody, respectively. Conjugation was accomplished by first deblocking the THIOMAB™ antibodies followed by conjugation of TCO-PEG 3 -maleimide to the free engineered cysteine residues as previously described. 46 Note that use of PEG spacers for TCO conjugation to mAbs has been evaluated elsewhere. 55 Conjugation of 1,4,7,10-tetraazacyclododecane-1,4,7-tris-acetic acid-10-maleimidoethylacetamide (i.e., "DOTA-maleimide", product #B-272, Macrocyclics, Dallas, TX) to 7C2-LC:K149C and 7C2-LC:K149C+HC:L177C+HC:Y376C (giving DOTA-toantibody ratio of~2 and~6) were also prepared as controls for direct labeling methods used for tissue distribution and imaging, via In-DOTA 6 -7C2, respectively. LC-MS analysis was performed to determine conjugation ratios of immunoconjugates using an Agilent TOF 6530 ESI instrument. Samples were treated with 1:500 w/w Endoproteinase Lys C (Promega, catalog # VA1170) in Tris, pH 7.5, for 30 min at 37°C. The resulting cleavage fragments were loaded onto a 1000 Å, 8 μm PLRP-S (highly cross-linked polystyrene) column heated to 80°C and eluted with a gradient of 30% B to 40% B in 10 minutes. Mobile phase A was H 2 O with 0.05% trifluoroacetic acid (TFA) and mobile phase B was acetonitrile with 0.04% TFA. The flow rate was 0.5 ml/min. Protein elution was monitored by UV absorbance detection at 280 nm prior to electrospray ionization and MS analysis. Chromatographic resolution of the unconjugated Fc, residual unconjugated Fab and conjugated Fab was usually achieved. The obtained m/z spectra were deconvoluted using Mass Hunter™ software (Agilent Technologies) to calculate the mass of the antibody fragments.
Tetrazine DOTA-tetrazine (DOTA-Tz), ( Figure 1C ) was synthesized by direct conjugation of (4-(1,2,4,5-tetrazin-3-yl)phenyl)methanamine hydrochloride to 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid mono-N-hydroxysuccinimide ester (i.e., "DOTA-NHS ester", product #B-280, Macrocyclics) as previously reported 56 and purified by reverse-phase chromatography.
Radiochemistry
Free thiols in 7C2 or TCO-7C2 THIOMAB™ antibody conjugates were capped with 2.5 molar equivalents of N-ethyl maleimide and purified by NAP-5 desalting columns (GE Healthcare) prior to iodination to limit potential interference with radioiodination. 7C2, 7C2-TCO 2 , 7C2-TCO 4, and 7C2-TCO 6 antibodies were radioiodinated through tyrosine residues by a modified indirect Chizzonite method as previously described. 57 Briefly,
125
I was obtained as sodium iodide in 0.1 N sodium hydroxide from Perkin Elmer (Boston, MA). 37 MBq of 125 I (~3 µL) was used to label randomly through tyrosine residues at a specific activity of~370 kBq/µg, with 125 I activation achieved using Iodogen tubes (Pierce Chemical Co., Rockford, IL).
Direct radiosynthesis of 111
In-DOTA x -7C2 was achieved through incubation of 111 InCl 3 (Nordion, Ottawa, Canada) with the respective 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)-conjugated molecules in 0.3 M ammonium acetate pH 7 at 37°C for 1 hour as previously described. 57 Purification of all antibody radioimmunoconjugates was achieved using NAP5 columns equilibrated in PBS and confirmed by size-exclusion chromatography.
Radiosynthesis of 111 In-DOTA-Tz for invasive biodistribution studies was achieved by incubating 17 µL of DOTA-Tz (0.5 µg/µL) in ammonium acetate buffer, with 37 MBq of 111 InCl 3 (in~3 µL) for 1 hour at 37°C. Radiopurity was assessed using reverse phase HPLC. Production of 111 In-DOTA-Tz for SPECT-CT imaging was generated in a larger batch, to accommodate the higher doses needed, at the same radiometal/tetrazine ratio and further purified using 0.1% TFA preconditioned Sep-Pak Plus C18 cartridges (Waters, Milford, MA) using a 50% acetonitrile/water elution, concentrated by rotary evaporation, followed with radiopurity confirmation using reverse phase HPLC.
In vitro KPL-4 click reaction
The HER2-expressing (3+) human breast cancer cell line KPL-4, obtained in 2006 from Dr. J Kurebayashi, was used for both in vitro and in vivo studies. 58 The cells were cultured in RPMI 1640 media plus 1% L-glutamine with 10% fetal bovine serum. KPL-4 cells were plated at 60,000 cells/well, in 24-well tissue culture plates and allowed to recover for 2 days. Media was replaced with fresh media spiked with iodinated 7C2, 7C2-TCO 2 , 7C2-TCO 4 and 7C2-TCO 6 antibodies at 9.25 kBq/well and incubated for 2 h at 37°C. Cells were washed with Hank's Balanced Salt Solution (HBSS) (37°C ) three times, followed by addition of fresh media containing 111
In-DOTA-Tz at 9.25 kBq/well and incubation for 30 min at 37°C. The short incubation times, 2 hours for antibodies and 30 minutes for tetrazine, were used to minimize antibody internalization and were well below the internalization halflife for HER2 in KPL-4 cells (~12 h). 50 Cells were washed three times with warm HBSS and harvested following incubation with trypsin for 15 min at 37°C. Aliquots of media used for antibody and tetrazine incubation were counted alongside harvested cells using a 2480 Wizard 2 automatic gamma counter (Perkin Elmer). Counts per minute were used to calculate the percent of cell accumulated radiolabeled reagent.
Biodistribution and short-term pharmacokinetics
All animal studies were conducted in accordance with the guide- In-DOTA 2 -7C2 antibodies, also at a total dose of 5 mg/kg, to serve as a control for traditional (directly labeled) biodistribution methods (Supplemental Figure S1B) . Blood samples from all mice were collected at 0.25, 24.25, and 72 hours post antibody injection via retroorbital bleed, with terminal tissue harvests performed at 3 days post antibody injection. Terminally collected samples included tumor, kidney, liver, spleen, muscle, fat pad, small intestine, large intestine, lymph nodes, skin, heart, lungs, stomach, brain, and bone marrow. Tissues were collected, rinsed with PBS, weighed and counted for radioactivity using a 2480 Wizard 2 automatic gamma counter (Perkin Elmer). Counts per minute values were used to calculate the percent of injected dose per gram of tissue (%ID/g) as previously described. 57 Error bars represent standard deviation as calculated by GraphPad Prism. For selected figures, significance by Students' t-test is designated by asterisks and/or brackets.
SPECT-CT imaging
Non-invasive in vivo distribution was obtained by single photon emission computed tomography/X-ray computed tomography (SPECT-CT) using a modification of previously reported methods. 57 Radiolabeling procedures were identical as for the biodistribution study, except for increased radioactivity amounts and omission of 125 Ilabeled 7C2 antibodies. Similar to the biodistribution studies, KPL-4 tumor-bearing mice were randomly assigned to groups after the tumors reached at least 250 mm 3 . Mice for SPECT imaging received 7C2 (negative control; n = 1), 7C2-TCO 2 (n = 2) or 7C2-TCO 6 (n = 2) at 5 mg/kg via tail vein injection. A second tail vein injection was administered 24 hours later containing 111 In-DOTA-Tz (~18.5 MBq, 1.3 MBq/µg). The TCO-to-tetrazine ratios based on injected doses ranged from 0.025 to 0.075 for 7C2-TCO 2 and 7C2-TCO 6 , respectively ( Table 2 ), suggesting that the injected amount of tetrazine is in excess of available circulating TCO. A control group received~11 MBq of 111 In-DOTA 6 -7C2 (n = 3) at a total dose of 5 mg/kg. Mice in pretargeting groups were non-invasively imaged at 2-4 h and~24 h post 111 In-labeled tetrazine administration (26-28 and~48 hours post initial cold antibody injection). Mice in the conventional control group were imaged at 28 and 48 h post 111 In-labeled antibody administration. Blood samples for mice in pretargeting groups were collected at 24.25, 25, and 48 hours post antibody injection (0.25, 1, and 24 hours post 111 In-labeled tetrazine administration) via retro-orbital bleed, with terminal tissue harvests for all groups (including control) performed at 2 days post antibody injection. Immediately after CT acquisition, SPECT images were acquired in a window centered on two 20% windows centered at the 173-and 247-keV photopeaks of 111 In using a high-resolution 5-pinhole collimator and a 5.5 cm radius of rotation. Terminally collected samples were processed as in the invasive biodistribution study. SPECT quantitation was accomplished using Amira software (TGS). Regions of interest were drawn around heart (surrogate for blood exposure) and tumor, based on CT anatomical images. 
Abbreviations
